Group IVA elements (Si, Ge and Sn) are promising candidates for the anode materials of lithium ion batteries (LIBs) due to their large theoretical specific capacities. However, serious problems of pulverization and capacity degradation resulted from the huge volume changes during charge/discharge operations hindered their successful applications as the anode materials in the LIBs. In this work, diffusion behaviors of Li ions in Si(100) and Si(111) slabs with a piezoelectric field applied perpendicularly to the surfaces were investigated using density functional theory. Results showed that the diffusivity of the Li in Si can be significantly enhanced by applying the electric field generated from the piezoelectric material. This finding can explain well the recent experimental observations in which improved electrochemical performance was obtained using Si/carbon nanotube/BaTiO3 as the anode for the LIBs. New generation of anode composite materials can be designed based on this idea and the piezoelectric material is used not only to accommodate the volume variation of active materials of Si, but also to enhance the charging rate of the LIBs.
Introduction
The relatively low specific capacity of current commercial electrode materials for lithium ion batteries (LIBs) can not satisfy the ever-increasing demands of large energy/power suppliers.
Developing new electrode materials and designing their novel structures are critical to improve the cycle life and rate performance and increase the energy density of the LIBs.
[1] Group IV materials (Si, Ge, and Sn) are promising anode materials for the LIBs due to their large theoretical specific capacities. [2] . The theoretical specific capacities for Si, Ge and Sn as anodes for the LIBs are 3579, [3] , 1384, [4] and 992 [5] mA·h·g -1 , respectively, which are larger than that of the currently used commercial graphite anode (372 mA·h·g -1 ). [6] The large capacity densities of the group IV materials come from their capabilities to host more lithium ions to be inserted and extracted, which are generally accompanied with huge volume expansion and contraction.
For example, the volume changes of the Si during charging/recharging can be up to 300%. [7] The huge volume changes during operation results in pulverization and degradation of the electrical connection between electrodes, [8] which becomes the major obstacle for their practical applications.
Tremendous effort has been made to accommodate this volume change, such as reducing the size of active materials to nano-metric levels (e.g. using nanowires, [9] nanoparticles, [10] nanotubes, [11] and hollow nanospheres [12] ), synthesis of composites with carbon materials (e.g.
hollow carbon spheres, [13] carbon nanotubes, [14] graphene [15] ), and fabrication of porous structures (e.g. mesoporous Si sponge, [16] porous Si nanowires, [17] nanoporous silicon networks [18] ). The extra spaces created using these techniques can be used to mitigate volume expansion/extraction. Therefore, the volume variation can be effectively accommodated and thus the capacity and cycling performance can be improved to some extent. However, these techniques and associated fabrication methods are either expensive or complicated for a largescale mass production, and the charge/discharging rate performance of these anode structures cannot satisfy the demands of high power applications.
Designing new structures to accommodate the huge volume changes and improve the rate performance of anode materials with group IV materials is critical for their applications.
Integrating a piezoelectric material into the anode materials for the LIBs could be a potential solution for this critical issue. When the piezoelectric material is integrated into the Si anode, the volume changes of the Si upon lithitation can be accommodated by the piezoelectric material through piezoelectric effect. At the same time the piezoelectric potential generated from the piezoelectric material will affect the diffusion of lithium ions inside the Si, as it has been
reported that the applied electrical fields can significantly enhance the Li ion diffusion in MoS2. [19] Recently, Lee et al. [20] synthesized Si/carbon nanotube (CNTs)/BaTiO3 nanocomposite using a high-energy ball-milling process and found that electrochemical performance of the nanocomposite was greatly improved. They attributed this improvement in the increased mobility of Li-ions to the local piezoelectric potentials generated from the BaTiO3. [20] Although
Lee et al. [20] simulated the charging/discharging process of Si/carbon nanotube/BaTiO3 nanocomposite as the anode for LIBs, the mechanisms of the piezoelectric field for the improvement of charging speed have not been clarified, which is crucial for designing new structures of hybrid anode materials for the LIBs. As the Li ions are negatively charged, they could migrate along the direction of the piezoelectric potential much easier than those against or perpendicular to the direction of the piezoelectric potential. Therefore, the direction of piezoelectric potential could strongly affect the Li ion diffusions. However, these have not been systematically investigated so far.
In this work, we studied, for the first time, how the piezoelectric potential affects the Li-ion diffusion in the Si using density functional theory (DFT), and clarified that the enhancement of Li-ion diffusion is dependent on the direction of the piezoelectric potential. The results provide a fundamentally new approach to improve the electrochemical performance of the LIBs when using the group IV materials composites as their anodes.
Models
It is well-known that Si(100) and Si(111) surfaces are the two energetically favorable facets of the Si nanocrystals. [21] These two surfaces possess different surface reconstructions. At room temperature, the Si(100) surface exhibits a 2×1 reconstruction, whereas the Si(111) surface shows a 7×7 reconstruction. [22] We used periodical slabs consisting of 18 and 10 atomic layers to model the Si(100) and Si(111) surfaces, respectively. The cross-and side-views of ball and stick models of the Si(100) and Si(111) slabs are shown in Fig. 1 . A 4×2 buckled-dimer reconstructed Si(100) surface and a dimer-adatom-stacking-fault reconstructed Si(111) surface [23] were used to represent the Si(100) and Si(111) surfaces, respectively. The 7×7 cell of Si (111) surface was separated into two half unit cells (HUC) by the dimer rows and the corner hole atoms. There were three Si rest-atoms and six Si adatoms in each HUC. The bottom of the slab kept its bulk configuration. Two bottom Si layers were fixed to model the bulk lattice properties, while the other Si atoms were free to relax. The dangling bond of the bottom Si atom was saturated with frozen hydrogen atoms. The unit cells of the Si(100) and Si(111) consisted of 144Si+16H and 494Si+49H atoms, respectively. A 25 Å vacuum space was used to separate the periodic image interactions. The thicknesses of the slab Si(100) and Si(111) were 24.5 and 16.7
Å, respectively, which were sufficient for the convergence of Li ion diffusion. [21, 24] A 2×4×1
and 2×2×1 k-point mesh was used for the Brillouin-zone integrations for the Si(100) and Si (111) surfaces, respectively. The diffusion behaviors of the Li ions from Si(100) and Si(111) surfaces into the bulk of Si were studied using the constrain method. [25] When the Si is used as the anode for the LIBs, large stress is generated due to the volume expansion and contraction upon the lithium insertion and extraction, which causes cracking and pulverization of the Si, then leads to the loss of electrical contact between particles. [8] During the operation of the LIBs, the decomposition of organic electrolyte forms a layer on the Si anode.
This layer should be dense and stable, which is also ionically conducting and electronically insulating, however, the large volume change of the Si makes this stable layer difficult to form. [26] Although the nanostructured Si can be used to accommodate this volume change due to its large surfaces, but the surface intercalation is the rate limiting step of lithium intercalation. [21, 24] Piezoelectric materials can convert mechanical energy into electrical energy and vice versa.
The piezoelectric materials can not only accommodate the large volume changes which occur in the Si anodes of the LIBs, but also generate local electric field to enhance the Li mobility. Both
Si and piezoelectric materials can be integrated into a suitable matrix such as carbon nanotubes (CNTs). For example, nanostructured Si and piezoelectric materials can be uniformly dispersed in a dense CNTs matrix (see Fig. 2 ), where the CNTs serve as a matrix providing conducting pathways and also have good adhesion with both Si and piezoelectric materials through surface functioning. A voltage will be produced when the piezoelectric materials are subjected to mechanical strain. The proposed charging process of Si/CNTs/piezoelectric composites is schematically shown in Fig. 2 . In a discharged state, there is no strain in the Si and piezoelectric materials as shown in Fig. 2a . Upon lithiation, the volume of the Si expands with insertion of Li ions to form LixSi, and the strain caused by this volume expansion is transferred to the piezoelectric material as shown in Fig. 2b . The piezoelectric material shrinks, and thus can accommodate the volume expansion of Si. Simultaneously an electric potential is generated within the piezoelectric material, therefore, the lithiation process can be enhanced under this piezoelectric potential. The dependence of Li ion diffusion behavior on the strength and direction of electric potentials was investigated in this study. Upon discharging process, the Si contracts whereas the piezoelectric material expands, which can still keep a good electrical contact.
Results and Discussion
We firstly examined the adsorption behaviors of Li atoms on Si(100) and Si(111) surfaces.
The adsorption energy Eads can be calculated using:
where Li -slab 
E
and slab E are the total energies of Si slabs with and without Li adsorption, respectively. Li E is the energy of an isolated lithium atom. The more negative the adsorption energy is, the more energetically favorable the adsorption for the Li ions will be.
The possible adsorption sites of the Li ions in the Si are shown in Fig. 1 , and the calculated adsorption energies are listed in Table 1 . On the Si(100) surface, various sites of caves (C1 and C2), interdimer (B2), valley bridge (T1), dimer bridge (HB), and pedestal (HH) were considered.
According to the calculated adsorption energies, the Li ions perfer to occupy the C1 site. The T3 site is not stable for the Li ion adsorption, thus the Li ion moves to the C1 site after a full relaxation. The B2 site is 0.02 eV less energetically stable than the C1 site for Li ion adsorption.
For the Si (111) surface, the various sites of cave (C1), dimer bridge (B), top of hexagon (H1, H2, H3), and other sites (T1, T2, T3) were investigated. The adsorption energy is -2.66 eV for the Li ion adsorbed at the H2 site, which is the most energitically favorable adsorption site.
The diffusion energy barriers of the Li ions in the bulk Si with 64 atoms were calculated using the constrained method. In the bulk Si, the Li ion prefers to occupy the tetrahedral interstitial site, which has four nearest-neighboring Si atoms and six second-nearest-neighboring Si atoms. Diffusion of the Li ion is from one stable position to a neighboring position by passing through a hexagon space. [28] The calculated diffusion energy barrier is 0.56 eV, which agrees well with the value of 0.57 eV calculated using climbing-image nudged elastic band (CI-NEB) method reported in literature.
[29]
The diffusion of the Li ion from the the most stable adsorption sites, i.e. C1 site in Si (100) and H2 site in Si(111), to the inner sites of the slabs was calculated using the constrained method. than that on the Si(100) surface which was experimentally observed in the literature. [30] Results also showed that the diffusion energy barrier of the Li ions through the surface is larger than that diffusing inside the slab. For examples, the diffusion energy barrier is 1.55 eV for the Li through the Si(100) surface, whereas it is in the range between 0.58 and 0.65 eV inside the slab, which means that Li diffusion from the Si(100) and Si(111) surfaces is energetically unfavorable for surface intercalation. It was reported that surface modifications of Si with P or
Al doping can reduce the diffusion energy barrier through the Si(100) and Si(111) surfaces. 33 After understanding the diffusion of Li ions in the Si(100) and Si(111), we then further investigated effects of the generated electric potential on the Li ion diffusion after the piezoelectric field was applied perpendicularly to the surface. We defined that the piezoelectric field penetrating though the surface with an outward direction has a positive value and the one with an inward direction has a negative value. We have analyzed different situations through initial tests and concluded that the electric field has significant influences on the diffusion behavior when its direction is perpendicular to the surface of Si. Therefore, in this paper, we focused on two situations in which the electric field was along inward and outward directions though the surface, respectively. A saw-tooth potential profile perpendicular to the surface as described in reference [ [31] ] was used to model the electric field. The obtained diffusion energy profiles of the Li ions diffused into Si(100) and Si (111) times when a piezoelectric field of -0.5 V/Å is applied to the Si(100) and Si(111), respectively.
The diffusivity can be improved by ~10 2 and ~10 3 times with a small piezoelectric field of -0.1 V/Å in the Si(100) and Si(111), respectively. The results can explain well the experimental observation of significantly reduced charging time for the Si anode after applying the BaTiO3 piezoelectric materials. [20] The piezoelectric materials can be used to accommodate the volume changes of active materials of Si, and the piezoelectric potential generated from the piezoelectric materials can affect the diffusivity of Li ions in the Si. A negative piezoelectric potential, i.e. the orientation of electric potential is along the diffusion path, can enhance the diffusion, whereas a positive one will prevent the diffusion. Therefore, by suitably designing of the Si/piezoelectric composites, we could produce new generations of anode materials for the LIBs with the improved electrochemical performance.
Conclusion
Effects of piezoelectric potential on the diffusion of Li ion on the surfaces and inside the Si(100) and Si(111) slabs were investigated using the DFT. The diffusion can be enhanced or reduced by applying the piezoelectric potentials, which depends on the directions of the applied piezoelectric potentials. The diffusion barriers decrease with increasing the strength of the piezoelectric field when its direction is along the diffusion path. The diffusion from the surface to the subsurface is identified as the main process controlling the diffusivity of Li ion in Si surfaces. The diffusion barriers are significantly reduced as the existence of piezoelectric field and the diffusivity can be improved ~10 5 -10 6 times with an applied piezoelectric field of -0.5 V/Å for the surface diffusion.
Simulation methods
The DFT calculations were performed using SIESTA code, [33] which employed a linear combination of numerical localized atomic orbital basis sets to describe the valance electrons and norm-conserving nonlocal pseudopotentials to describe atomic core. [34] Double-ζ basis set plus polarization functions were used to describe the electron state. In the simulations, generalized gradient approximation (GGA) and Perdew-Burke-Ernzerhof (PBE) exchange and correlation functions were used. [35] An energy mesh cutoff of 200 Ry was used to calculate the Hamiltonian matrix elements.
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